small molecules to zebrafish is particularly easy, because the early-stage embryo rapidly absorbs small molecular compounds in the bathing medium through the skin and gills. In addition, zebrafish have melanin pigments on the body surface, which allow observation of pigmentation without the need for complicated experimental procedures [4] . Therefore, the zebrafish is an ideal model for the study of melanogenesis in the context of skin whitening [3, 4] .
Phlorotannins are a class of polyphenolic compounds that are one of the most common classes of secondary metabolites in marine algae. Phlorotannins have been shown to have a variety of biological functions, including anticoagulant, anti-melanogenesis, antifungal, anti-inflammatory, and anticancer activities [2] . Octaphlorethol A (OPA, purity: ≥95.0%; Fig. 1A ) is a phlorotannin isolated from the marine algae Ishige foliacea, and has been reported to possess several biological activities, including anti-inflammatory [13] and antidiabetic effects, which it is believed to exert by mediating changes in glucose uptake and reducing oxidative stress [11, 12] . Furthermore, we previously demonstrated that OPA inhibits melanogenesis induced by alpha-melanocyte-stimulating hormone (α-MSH) in B16F10 melanoma cells [9] . However, the whitening effect and toxicity of OPA have not been examined in vivo. Therefore, in this study, we examined the inhibitory effects of OPA on melanin synthesis and tyrosinase activity in zebrafish.
Several compounds and molecules that are known to inhibit melanin biosynthesis are used in cosmetic products. Many skin-lightening products such as linoleic acid, hinokitiol, kojic acid, and naturally occurring hydroquinone and catechol have been reported to inhibit melanogenesis [17] ; however, these compounds show low clinical activity, and produce side effects and toxicity. These shortcomings of available melanin synthesis inhibitors have led to the search for new agents, such as molecules derived from plant-extract-based skin-lightening compounds, in order to develop more effective cosmetic products with fewer side effects [15] . Among plant-derived molecules, polyphenols have attracted considerable interest, and have been examined in the context of several biological functions, including anticancer, antioxidant, anti-inflammatory, and anti-melanogenesis activities. The purpose of this study was to determine the capability of the algae-derived polyphenol OPA to inhibit tyrosinase and melanin synthesis in vivo, and to evaluate its toxicity.
First, experiments were performed to determine the toxicity of the melanogenic inhibitors 1-phenyl-2-thiourea (PTU), arbutin, and OPA by measuring the survival rate and heart rate of the exposed zebrafish embryos. The survival rates of zebrafish embryos exposed to these melanogenic inhibitors are shown in Fig. 1 . More than 90% of the embryos survived treatments with arbutin and lower concentrations of OPA (6.25, 12.5, and 25 µM), and the survival rates of these groups were not significantly different from that of the control group. The survival rate of the embryos exposed to 50 µM PTU and 50 µM OPA was significantly decreased compared with that of the control group (Fig. 1B) . In the heart rate test, PTU exposure resulted in a significant increase in heart rate compared with the heart rate in the control group, whereas OPA and arbutin did not (Fig. 1C) . OPA doses below 25 µM were chosen for studies to determine the effects of OPA on tyrosinase activity and melanin synthesis, because these doses did not alter heart rates or survival rates.
Because melanin synthesis is ultimately regulated by tyrosinase [1] , we determined whether OPA inhibits melanin synthesis and tyrosinase activity. The effects of the melanogenic inhibitors used in these studies on pigmentation are shown in Fig. 2 . Arbutin and 6.25 µM OPA showed little effect on pigmentation of the zebrafish embryo body (Figs. 2B and 2D ). In contrast, 50 µM PTU and 25 µM OPA remarkably decreased pigmentation (Figs. 2C and 2F) . Others have similarly reported that phlorotannins from Ecklonia cava inhibited increased pigmentation caused by UV-B radiation in zebrafish [3] . To quantify the inhibitory activity of the melanogenic inhibitors used in this study, we measured the melanin synthesis and tyrosinase activity using whole zebrafish extracts. PTU (50 µM) and 500 µM arbutin served as positive controls, and the embryos exposed to them showed significantly reduced melanin synthesis compared with that in untreated embryos (44.5% and 15%, respectively). OPA was found to inhibit melanin synthesis in a dosedependent manner (5.2%, 15.4%, 25.6%, and 27.8% at 3.125, 6.25, 12.5, and 25 µM, respectively; Fig. 3A) . Interestingly, OPA doses higher than 12.5 µM were significantly more effective than 500 µM arbutin at inhibiting melanin synthesis. PTU treatment (40.2%) and treatment with OPA doses higher than 12.5 µM (25.3% and 32.1% at 12.5 and 25 µM, respectively) significantly inhibited tyrosinase activity, whereas arbutin (17.3%) and OPA doses less than 12.5 µM produced little tyrosinase inhibition (12.0% and 15.7% at 3.125 and 6.25 µM, respectively; Fig. 3B ). These results suggest that OPA downregulated tyrosinase activity in exposed zebrafish embryos, and that this inhibitory effect led to decreased melatonin synthesis.
The results reported herein contribute to the growing body of knowledge regarding melanogenic inhibitors isolated from algae, which have yielded information on relative efficacy and molecular mechanisms that serve to guide future studies. Kim et al. [8] reported that phlorotannins Methods are described in the supplementary information. 1-Phenyl-2-thiourea (PTU; 50 µM) and 500 µM arbutin were used as positive control treatments. The concentration of OPA was 6.25-50 µM. The experiments were conducted in triplicate and the data are expressed as the mean ± standard error. Statistical tests were performed to compare the experimental groups with the control groups. *p < 0.05. isolated from Ecklonia cava showed more pronounced tyrosinase inhibitory activity than arbutin and mulberry root powder. Park et al. [14] also reported that tyrosinase inhibitory compounds isolated from the brown alga Ecklonia stolonifera were phenolic compounds with reducing ability, and further suggested that these compounds inhibited tyrosinase activity noncompetitively, by directly binding to a site other than the active site of tyrosinase.
The present study explored the potential of OPA derived from a marine alga, I. foliacea, as a skin-whitening agent for use in cosmetic products. Our results clearly show that OPA produces a skin-whitening effect via tyrosinase inhibition, and therefore might be used as a skin-whitening agent. However, prior to this use, studies are necessary to further elucidate the precise molecular mechanism underlying OPA's whitening effect, and to characterize this effect using human skin.
